Multilepton searches for electroweakino and slepton pair production at hadron colliders remain some of the best means to test weak-scale supersymmetry. Searches at the CERN Large Hadron Collider, however, are limited by large diboson and top quark pair backgrounds, despite the application of traditional, central jet vetoes. In this context, we report the impact of introducing dynamic jet vetoes in searches for colorless superpartners. As a representative scenario, we consider the Drell-Yan production of a pair of right-handed smuons decaying into a dimuon system accompanied with missing transverse energy. As an exploratory step, we consider several global and local measures of the leptonic and hadronic activity to construct the veto. In almost all cases, we find that employing a dynamic jet veto improves the sensitivity, independently of the integrated luminosity. Directions for further improvements are discussed.
Introduction
Weak-scale supersymmetry, if realized in nature, presents an attractive solution to several longstanding theoretical and observational shortcomings of the Standard Model of particle physics (SM). For example, supersymmetry can protect the Higgs boson mass from large quantum corrections, ensure gauge coupling unification at high scales, and provide a viable weakly interacting dark matter candidate [1, 2] . While light, sub-TeV superpartners of quarks and gluons have largely been excluded by direct searches at the CERN Large Hadron Collider (LHC) [3] [4] [5] [6] , the situation is far less conclusive for electroweak (EW) boson and lepton superpartners due to their smaller production cross sections [7, 8] . a fuks@lpthe.jussieu.fr b knordstrom@lpthe.jussieu.fr c richard.ruiz@uclouvain.be d swilliamson@lpthe.jussieu.fr Current constraints only exclude slepton masses up to a few hundreds of GeV [9, 10] . For electroweak boson partners [11] [12] [13] , the case is slightly more interesting due to several small excesses, which reveal a local significance of 3.5σ and favor 100 − 300 GeV neutralino and chargino masses in the Minimal Supersymmetric Standard Model (MSSM) [14] . Hence, studies into new analysis strategies that can improve searches for electroweakinos and sleptons are highly motivated.
Among the several promising lines of such investigations are those that consider the impact of jet vetoes (i.e., the rejection of events featuring jets with a transverse momentum greater than some threshold p Veto T [15] [16] [17] [18] [19] ) in measurements of and searches for heavy, colorless SM [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and beyond the SM [33] [34] [35] [36] [37] [38] [39] states. Interestingly, recent studies of multilepton searches for colorless exotic particles have demonstrated that dynamic jet vetoes can significantly improve their discovery potential [38, 39] . More specifically, a proposed analysis premised on setting p Veto T on an eventby-event basis to the hardness (p T ) of the event's leading lepton was found to improve sensitivity by roughly an order of magnitude [38] . While serving a similar goal, such a veto functions in a qualitatively different manner than rapiditydependent vetoes [26, 28, 29] by associating p Veto T with a measure of the hard process scale Q. A key point is that the improvement, which was demonstrated for both the Drell-Yan (DY) and electroweak boson fusion processes, followed from the veto largely acting to discriminate local leptonic activity from global hadronic activity [39] .
In light of this, we have explored the impact of dynamic jet vetoes on the discovery potential of dimuon plus missing energy searches for right-handed smuon pairs (μ + Rμ − R ) decaying to neutralinos (χ 1 ) via the DY mode,
arXiv:1901.09937v1 [hep-ph] 28 Jan 2019 Fig. 1 Drell-Yan production of a pair of right-handed smuons (μ + Rμ − R ) decaying into a pair of muons (µ ± ) and lightest neutralinos (χ 1 ). Generated with JAXODRAW [40] .
as illustrated in fig. 1 . We consider several measures of local and global leptonic and hadronic activity, including the scalar sum of the lepton transverse momenta (S T ) as well as the (inclusive) scalar sum of the transverse momenta of all hadronic objects (H T ), and focus on a benchmark CMS-inspired analysis [9] that features a standard (flavorindependent), static, central jet veto of p Veto T = 25 GeV. As will be shown below, a dynamic veto can improve the discovery potential of the analysis in most cases.
The remainder of this report continues in the following manner: in sec. 2, we introduce our simplified model describing right-handed smuon production and decay in hadron collisions, and discuss the present constraints on the model. In sec. 3, we summarize our computational setup, which includes state-of-the-art event generation up to nextto-leading order (NLO) in QCD matched to parton showers (PS). We discuss slepton pair production at the LHC and the qualitative impact of different dynamic jet vetoes for the signal and background processes in sec. 4. There we also define our proposed dynamic veto and benchmark collider analyses. In sec. 5 we present our results and outlook, before summarizing and concluding in sec. 6.
Model
In order to investigate smuon production in a modelindependent way, we focus on a benchmark simplified model inspired by the MSSM. We consider an MSSM limit in which all superpartners are decoupled, with the exception of the right-handed smuonμ R (of mass mμ R ) and the lightest neutralinoχ 1 (of mass mχ 1 ) that is taken as bino-like. The Lagrangian describing the new physics dynamics of our model is given, using four-component fermion notations, by
Here, we have explicitly indicated the smuon gauge interactions with the photon A µ and Z boson field Z µ (second line), as well as the supersymmetric gauge interactions of the muon µ, the smuonμ R , and the binoχ 1 (last line). As irrelevant for our purposes, D-term contributions are neglected. In our notation, s W and c W are the sine and cosine of the electroweak mixing angle, e is the electromagnetic coupling constant, and P R the right-handed chirality projector. Despite its simplicity, the model is only weakly constrained by LHC searches for smuon pair production in the dimuon plus missing transverse energy channel [9] . This is due to large backgrounds, consisting mainly of W boson and top quark pair production, as well as being an electroweak signal production mode, as illustrated by eq. (1). For a massless neutralino, the smuon mass is constrained with L = 39.5 fb −1 of √ s = 13 TeV data to satisfy, at the 95% confidence level (CL), mμ R > 220 GeV. There is almost no constraint when the neutralino is heavier than 100 GeV.
As the neutralino is stable, it is a viable candidate for a dark matter particle. Bino dark matter with light sleptons can be accomodated provided that the slepton-neutralino mass splitting is of at most 10% of the neutralino mass. Under this condition, there is sufficient co-annihilations so that the universe is not overclosed [41] . However, in the aim of using simplified models as tools for characterizing given phenomena, this latter constraint is ignored.
Computational Setup
To conduct our study, we simulate and analyze signal and background events in pp collisions at a center-of-mass energy √ s = 14 TeV. We implement the simplified model Lagrangian of eq. (2) into FEYNRULES [42] , that we jointly use with the NLOCT [43] and FEYNARTS [44] packages to generate a UFO library [45] that includes treelevel vertices as well as ultraviolet and R 2 counterterms (which enables numerical computations up to one-loop in the strong coupling constant α s ). Event generation for signal and background processes is performed with MAD-GRAPH5_AMC@NLO v2.6.3.2 [46] , allowing us to match NLO QCD fixed-order calculations with parton showers with the MC@NLO prescription [47] . We use the MAD-SPIN [48] and MADWIDTH [49] programs to handle the smuon decays into a muon-neutralino system, and we rely on PYTHIA v8.230 [50] , steered by the CUETP8M1 "Monash*" tune [51] , to handle parton showering (including QED effects), the hadronization of all final-state partons, as well as the decays of hadrons and tau leptons. Particle-level reconstruction is handled with MADANALY-SIS5 v1.7.10 [52, 53] , in which we enforce jet clustering following the anti-k T algorithm [54] , as implemented in FAST-JET v3.3.0 [55] . We choose a jet radius of R = 1, following the jet veto analysis of ref. [37] . During the clustering procedure, ideal b-jet, light-jet, and hadronic tau (τ h ) tagging is assumed; potential misidentification of one particle species as another is implemented at the analysis level. Computations use the NNPDF 3.1 NLO+LUXQED parton distribution function (PDF) set [56] , while both PDF and α s (µ) evolutions are managed by using LHAPDF 6 v1.7 [57] .
In addition to event generation, totally inclusive cross section normalizations at NLO and with next-to-leading logarithmic (NLL) threshold corrections are obtained with RESUMMINO v2.0.1 [58] . We use again the NNPDF 3.1 NLO+LUXQED PDF set, despite the availability of PDFs extracted using threshold-corrected matrix elements [59] . Our choice is motivated by the much larger statistical uncertainty associated with the resummed PDF, which obfuscates their improved perturbative precision / systematic uncertainty. We refer to ref. [60] for a study of their impact on the hadroproduction of slepton pairs. For total signal rates up to NLO+NLL, the collinear factorization (µ f ) and QCD renormalization (µ r ) scales are set to the smuon mass. For signal and background event generation, we use an event-by-event scale set to half the scalar sum of the transverse energy of all final-state particles,
By default, we set ξ = 1. The residual perturbative scale dependency is then quantified by varying µ r and µ f independently over the discrete range ξ ∈ {0.5, 1.0, 2.0}.
Smuon Pairs at the LHC

Smuon Pair Production
Like electroweakinos, sleptons can be produced through a variety of mechanisms in proton-proton collisions. For simplicity, we restrict ourselves to right-handed smuon pair production through the inclusive, Drell-Yan process,
as illustrated in fig. 1 . At the hadronic level, X here denotes an arbitrary number of (predominantly forward) QCD jets. If vector boson fusion becomes a relevant production mode of TeV-scale smuons [61] [62] [63] , as for example at higher collider energies and integrated luminosities beyond the LHC, then one can expect much of the same dynamic jet veto behavior as presented below [39] .
In the upper panel of fig. 2 , we show the totally inclusive NLO+NLL cross section for neutral-current DY smuon production at a center-of-mass energy √ s = 14 TeV. The results are given as a function of the smuon mass, and we indicate the uncertainties stemming from perturbative scale variation (black band) and PDF fitting (light band). In the lower panel of the figure, we present QCD K-factors, with their uncertainties, defined relative to the Born process,
The cases k = 0 and k = 1, respectively, correspond to computations at NLO and NLO+NLL. For smuon masses mμ R ∈ [200, 900] GeV (i.e., the range of interest for the LHC), the NLO+NLL production cross section varies from approximately 10 fb to 10 ab, with the corresponding scale uncertainties reaching the ±2 − 3% level. In this mass regime, NLO+NLL predictions sit well within the NLO perturbative uncertainty band that has a width of about ±4%. Furthermore, the QCD K-factors for both the NLO and NLO+NLL computations are of about K ≈ 1.15 and largely independently of the smuon mass. On different grounds and still in this mass range, PDF uncertainties are only marginally larger than the NLO scale uncertainties, before growing significantly for mμ R 800 GeV (due to the absence of data in the PDF fits). As the same PDF set is used for both the NLO and NLO+NLL computations, the size of their uncertainties is essentially identical.
For the parameter space consistent with our simplified model assumptions, the gluon fusion contribution to inclusiveμ + Rμ − R production, which formally arises at O(α 2 s ), is small compared with the neutral-current DY component [64, 65] . Moreover, for TeV-scale DY-like processes, QCD scale uncertainties in cross sections featuring a dynamic jet veto at NLO+PS (which are formally at the leading-logarithmic accuracy) are comparable with the total inclusive cross section uncertainty at NLO due to the absence of large jet veto logarithms [38, 39] . This holds independently of the jet radius for a dynamic veto [39] . For a static veto, choosing a jet radius of R = 1 significantly helps to minimize the perturbative uncertainties [37, [66] [67] [68] , though worsens the universal non-perturbative ones [27, 37, 69] . Thus, we may conclude that the cross section forμ + Rμ − R production, either with or without a dynamic jet veto, as obtained from event generation at NLO+PS is an excellent estimate of the true rate. For our purposes and for discovery purposes, NNLO and NNLL (threshold) terms in fixed order and resummed signal predictions can be ignored.
Dynamic Jet Vetoes Beyond p T
Jet vetoes have long been established as powerful tools to improve the discovery potential of sleptons and electroweakinos in multilepton searches at hadron colliders [33] [34] [35] 70] . In practice, LHC experiments rely on fixed/static veto thresholds of p Veto T = 20 − 50 GeV for central jets within a pseudorapidity |η j | 2.5 [10, [71] [72] [73] [74] [75] [76] . Recently [38, 39] , though, it was demonstrated that dynamic jet veto schemes, namely ones wherein p Veto T is set on an event-by-event basis to the p T of an event's leading lepton, can improve the sensitivity of multilepton searches for exotic, colorless particles. In conjunction with selection cuts on leptonic observables, this type of jet veto ultimately discriminates against the relative amounts of hadronic and leptonic activity in each event.
In this sense, dynamic jet vetoes can be generalized by considering observables that measure an event's global hadronic and leptonic activities instead of just the p T of an event's leading objects. The inclusive scalar sum of p T of all hadrons in an event (H Incl.
T ),
or the exclusive scalar sum of p T of the two leading charged leptons
for example, are natural candidates. Here we adopt the usual particle ordering for leptons and jets, where p k i T > p k i+1 T for particles k i and k i+1 of particle species k. We also henceforth suppress the "Incl./Excl." labels for brevity but stress that we do not expect results here to uniformly carry over to exclusive H T and inclusive S T .
Qualitatively, H T differs from the p T of the leading (or subleading) central jet p j 1 T (or p j 2 T ) in that H T is much more sensitive to complicated color topologies in a hard scattering processes. The simplest color topologies, e.g., eq. 4, have at most one or two color dipoles / antennas, and hence less QCD radiation, resulting in H T that is comparable to p j 1 T . On the other hand, complex QCD processes, e.g., pp → WW + n j, have many color antennas, and hence more sources of QCD radiation, resulting in H T significantly larger than p j 1 T . Metaphorically speaking, H T vs. p j 1 T is like a multi-band vs. single-band radio receiver, with complex color structures inducing many bands of radiation simultaneously whereas signal-like topologies have fewer bands.
Due to its exclusive nature, S T acts to exaggerate and accentuate the characteristic behavior of the leading charged leptons 1 and 2 . If they stem from a resonant (continuum) process, then S T will characteristically have a narrow (shallow) distribution. If the two are pair-produced, then one expects the scaling S T ∼ 2p 1 T . Likewise, any relative (in)dependence of p k T on the hadronic activity is inherited by S T . By virtue of the Collinear Factorization Theorem, central, high-p T charged leptons in hadron collisions stem from a hard underlying process. Hence, the S T of leading leptons probes an event's hard-scattering core, and must scale like the hard scattering scale Q. This helps to protect against the emergence of large veto logarithms. Exclusive S T differs from inclusive S T in that the latter sums over the trailing charged leptons and additionally probes universal, low-Q 2 physics, such as hadron decays and QED parton showering.
In application, a dynamic, H T -based jet veto would work, for example, by rejecting events in which H T exceeds p 1 T . Analogously, an S T -based veto functions by requiring, for example, an event to satisfy p j 1 T < S T for |η j 1 | < η max . To explore these alternative dynamic veto schemes, we present in fig. 3 , the normalized distributions for the following ratios of leptonic and hadronic activities:
These are considered for the signal process given in eq. 4, assuming three benchmark parameter space points, Signal Category : (mμ R , mχ 1 ), High-mass, Large mass splitting : (750 GeV, 100 GeV), High-mass, Small mass splitting : (750 GeV, 700 GeV), Low-mass, Small mass splitting : (100 GeV, 50 GeV), with smuons decaying into an SM muon and a neutralino. We also consider the representative backgrounds,
with ∈ {e, µ, τ h }. All signal and background processes are considered at NLO+PS, after jet clustering. We require at 
least two oppositely charged muons with any number of jets satisfying the nominal truth-level kinematical requirements |η | < 2.4 and p T > 10 GeV.
As a reference point, we discuss first the kinematic ratio r 1 j 1 = p 1 T /p j 1 T , as studied by refs. [38, 39] and shown in fig. 3(a) . For the signal processes, we see a difference in behavior according to whether or not the smuon and neutralino are close in mass. Whereas the highmass, large mass splitting configuration possesses a very broad distribution, with most of the phase space exceeding r 1 j 1 > 1, the more compressed configurations possess relatively narrower distributions, with significantly more phase space below the r 1 j 1 = 1 threshold. For the large mass splitting case, final-state muons carry
GeV. This is significantly larger than the leading jet p T , which is generally of the order of the Sudakov peak. For on-shell slepton pair production, the Sudakov peak is much lower than 2mμ R , indicating that characteristically p j 1 T p 1 T ∼ mμ R /2. For the compressed cases, the muons carry only p T 40 − 50 GeV and drive the relationship r 1 j 1 (high-mass, small-splitting.) r 1 j 1 (low-mass, small-splitting.) 1.
Considering the background processes, one observes that most events populate the region around r 1 j 1 ∼ 0.25 − 0.75. In both cases, the behavior follows from kinematic arguments [38] . For an at-rest top quark decaying into leptons, the characteristic momenta of the charged lepton and asso-ciated b-quark give rise to the scaling
In a full simulation at NLO+PS with large-R jets, this is pushed significantly to smaller values due to a large tt + 1 j sub-channel, boosts from large (tt)-invariant masses, and into-cone radiation. Each enhances p j T or p b T relatively to p T . Despite being a color-singlet process, the inclusive pp → νν + X channel has a relatively large pp → νν + 1 j fraction. This is due to the Born-like pp → W γ * /W Z +0 j processes being suppressed by radiation zeroes [77] [78] [79] [80] [81] [82] [83] [84] . In turn, r 1 j 1 is inherently less than unity. In fig. 3(b) , we consider the impact of additional QCD radiation and show the distribution for r 1 H T = p 1 T /H T . For the signal processes, we observe some difference from r 1 j 1 in the normalization and position of the distributions' maxima. Here, the maxima are marginally taller and pushed to slightly lower values of r 1 H T . This is indicative of the low hadronic activity in DY-like processes, which is in fact why a jet veto is considered at all. On the other hand, for both background processes, we observe values of r 1 H T much smaller than r 1 j 1 . For tt specifically, the shift (and narrowing) from r 1 j 1 0.5 to r 1 H T
is consistent with H T , which sums over both bottom jets, being roughly 1/H
The low-mass, compressed signal distribution is in particular hardly distinguishable from the νν distribution.
Considering now a more global measure of leptonic activity, we present in figs. 3(c) and (d) the distributions for the ratios r S T j 1 = S T /p j 1 T and r S T H T = S T /H T , respectively. For all cases we see that the r S T j 1 and r S T H T curves are broader than their r 1 j 1 and r S T j 1 counterparts, and that the distributions' maxima are shifted slightly rightward. As in the (a) and (b) panels, the compressed signals and both background processes have a significant fraction of the phase space below unity.
As an alternative measure of local leptonic activity, we show in fig. 3 (e) and (f) the distributions for the ratios r 2 j 1 = p 2 T /p j 1 T and r 2 H T = p 2 T /H T , respectively. Immediately, one sees a larger separation than in (a) and (c) of the highmass, compressed signal process from all other processes. Notably, the tt distributions are much narrower, with almost all events falling below r 2 j 1 0.5 and r 2 H T 0.25. Taken together, a picture emerges for generalized definitions of dynamic jet vetoes. We find that all of the proposed veto schemes exhibit uniform behavior. For the signal process with the highest charged lepton momenta, i.e., the high-mass, large mass splitting signal category, we find a clear signal-to-background separation against representative background processes. For signal processes with charged lepton momenta comparable to SM processes, we find significantly less but nonetheless interesting discriminating power. In particular, for the low-mass, compressed category, we observe reasonable separation from tt but poor separation from νν, whereas for the high-mass, compressed category we report the opposite. This suggests that it may be possible to salvage additional signal space with complementary selection cuts. Quantitatively, we observe a larger signal-to-background separation for dynamic veto schemes with more inclusive/global hadronic observables, e.g., H T , and more exclusive/local charged lepton observables, e.g., p 2
T . The worst separation is given by r S T j 1 , which makes use of the multilepton activity of background processes but not the relatively low hadronic activity of the signal processes. The ratio r 2 H T appears to be exceptionally powerful in rejecting top quark background.
Jet Veto Collider Analyses
We now turn to defining our static and dynamic jet veto analyses to quantify how generalized dynamic jet vetoes may improve the discovery potential of smuon pairs at the LHC, if at all. For all analyses, we define analysis-quality charged leptons and jets as those that satisfy the following kinematical, fiducial, and isolation requirements, We use the electron and muon efficiencies as reported 1 in ref. [9] for leptons with p T ≥ 20 GeV, and those reported in ref. [85] for leptons with p T ∈ [10, 20[ GeV. We tag the hadronic decays of τ leptons (τ h ) with p T ≥ 20 GeV using the efficiencies reported in ref. [86] . All objects are smeared with a Gaussian profile as done in ref. [39] , using publicly available resolution parameterizations as reported by the AT-LAS and CMS collaborations [87] [88] [89] [90] . The magnitude of the transverse momentum imbalance vector (/ E T ) is defined with respect to all visible momenta within |η| < 4.5,
We consider the following background processes:
at NLO+PS, as modeled by ref. [39] . 
Shared Analysis Baseline
As a baseline for all analyses, we follow closely the CMS search for slepton pair production in dilepton final states at √ s = 13 TeV with L = 35.9 fb −1 of data [9] . We preselect events featuring one pair of analysis quality, oppositesign muons, and veto events with additional analysis-quality charged leptons. We are thus inclusive with respect to additional leptons outside these criteria. Low-mass hadronic resonances and Z-pole contributions are removed with the invariant mass cuts: m µ µ > 20 GeV and |m µ µ − M Z | > 15 GeV. The SM DY continuum is further suppressed by requiring / E T > 100 GeV, and diboson and top pair processes are reduced by requiring a "stransverse mass" cut of M T 2 > 90 GeV [91, 92] . In sec. 5, we describe the impact of relaxing this cut. Events are then binned according to / E T . Analysis object definitions and shared analysis requirements are summarized in the top two sections of table 1.
Benchmark, Static Jet Veto Analysis
At this point, our jet veto collider analyses diverge. Our benchmark, static jet veto analysis continues as prescribed in the baseline CMS analysis [9] and further requires that the p T of the leading and subleading muons satisfy
Lastly, we impose a static jet veto of p Veto T = 25 GeV on analysis-quality jets. As such objects must sit within |η| < 2.4, the veto is more specifically a static, central jet veto. Analysis requirements are summarized in the third section of table 1.
For background processes, we find comparable cross sections after selection cuts to those reported by CMS for all signal regions except the lowest / E T bin. There, we find our background rate is about 50% lower and is driven by a difference in the normalization of the "Flavor Symmetric" background, which is largely populated by the tt and diboson processes. We attribute the difference in this bin to our background normalizations being accurate only up to NLO+PS, and are therefore missing numerically large O(α 2 s ) contributions. This contrasts with the CMS normalization that is set by data. The cutflow for the dominant backgrounds are summarized in table 2.
Dynamic Jet Veto Analysis
The goal of this study is to see to what extent generalizations of dynamic jet vetoes can improve searches for multilepton final states over traditional, static, central jet vetoes. To do this, we propose a class of analyses that simplifies the static veto analysis of the preceding subsection. We execute this by removing the stringent high-p T selection cuts on charged leptons given in eq. (12) and by setting the central jet veto threshold on an event-by-event basis. More precisely, events are vetoed either (i) if there exists an analysis-quality jet fig. 3 . However, this is beyond the proof-of-concept scope of our study. Needless to say, investigations into optimizing a "smart jet veto" are encouraged.
Results and Outlook
To quantify the impact of dynamic jet vetoes on searches for smuon pairs, we use the CL S technique [93] to first determine the 95% CL reach in terms of the event rate N 95 = σ 95 × L , for a luminosity L . We take into account the Monte Carlo uncertainties for both the signal and the background, but do not consider additional systematic uncertainties. We use the combined likelihood ratio of the four signal regions as our test statistic. Sensitivity is then expressed in terms of the signal strength (µ SS ),
where σ p is the predicted cross section in our simplified model. A signal strength of µ SS < 1 means that the signal hypothesis is excluded with at least 95% confidence. As a check, we show in fig. 4 , µ SS for (a) the static jet veto analysis based on ref. [9] , where p Veto T , assuming L = 35.9 fb −1 at √ s = 14 TeV. We find that the constraints derived using the reference analysis are only slightly stronger than the reported in ref. [9] . This is attributed to three reasons. First, in comparison to the 13 TeV results explored with data, we take √ s = 14 TeV. Second, we do not consider additional systematic uncertainties, and finally, we recover a slightly smaller background prediction for the lowest / E T signal region compared with the data-driven prediction of ref. [9] (see sec. 4.3) .
With the the dynamic jet veto analysis, we observe an improvement in sensitivity over the static veto analysis, with mμ R 400 GeV being accessible for mμ R mχ 1 , to be confronted to mμ R 375 GeV in the static case. For L = 3000 fb −1 , we find that the improvement is very comparable. We stress that while the improvement appears limited due to the steeply falling signal cross section, it has been obtained by relaxing several selection cuts of the somewhat sophisticated analysis of ref. [9] , and naïvely applying a dynamic jet veto that has not been optimized according to fig. 3 . This "out-of-the-box" improvement even for relatively light smuon masses is encouraging.
To present our main results, for a given jet veto scheme and luminosity, we consider the ratio of signal strengths: 
where µ CMS SS is the signal strength as determined using the reference static jet veto analysis and µ Dy. Veto SS is the signal strength as determined with the dynamic jet veto analysis. The double ratio has the simple interpretation that a value already experimentally viable [94] . Moreover, extending dynamic jet vetoes to the forward region was found to be necessary to ensure a sufficient suppression of SM backgrounds in studies at higher √ s [39] . In this context, we briefly investigate the impact of a dynamic jet veto when expanding the η range of the jet vetowindow from |η| < 2.4 to |η| < 4.5. For a widened η range, we show in fig. 6 , the signal strength ratio,
for (a) the benchmark static jet veto analysis, where p Veto T = 25 GeV, and (b) the dynamic analysis, with p Veto T = p 2 T . As before, a ratio of R X > 1 indicates improved sensitivity. When a static veto is used and the pseudorapidity range increased, the vetoing of jets outside the central region reduces background rates while simultaneously reducing the signal rates, thereby maintaining a similar signal-to-background efficiency as in the reference analysis. For the dynamic veto, however, there is a uniform O(5 − 20)% improvement for most of the parameter space due to slightly higher background rejection coupled with a smaller decrease in signal efficiency. We anticipate this behavior to hold for all other dynamic veto schemes considered in this analysis.
Impact of Jet Vetoes When Lifting The M T 2 Cut
As shown in Table 2 , requiring the selection cut M T 2 > 90 GeV greatly suppresses electroweak diboson and top quark pair production independently of a jet veto. However, the cut also reduces considerably the signal acceptance when sparticles are mass-degenerate. Notably, we report that choosing a more aggressive dynamic jet veto can control the top pair background sufficiently in the absence of the M T 2 cut, leading to a significant improvement in sensitivity.
We have checked that using H T < p l2 T as a dynamic veto is stringent enough to control the top pair background when lifting the M T 2 cut, independently of the signal region. When relaxing M T 2 , total background rates grow by a factor of 5 for the lowest / E T signal region up to a factor of 1.5 for the highest / E T signal region, while there is a large, overall increase in signal efficiency. For the benchmark point (mμ R , mχ 1 ) = (750 GeV, 700 GeV), this results in negligible changes in the signal (S) over background (B) ratio S/B for the two lower / E T signal regions but significant increases in S/B for the two higher / E T signal regions. Lifting the M T 2 cut when using a stringent dynamic veto based on H T therefore allows for improvements in sensitivity in the compressed region, independently of the integrated luminosity, due to the top pair background being sufficiently controlled by the dynamic veto itself.
We find though that the improvement does not hold for all veto schemes considered. When requiring p j1 T < p l2 T and no M T 2 restriction, the top pair background comes to dominate the background rate in the two lower / E T signal regions and increases the rates by factors of 20 − 30, thereby reducing S/B, despite the increased signal efficiency. The two higher / E T signal regions are less affected due to a much smaller the top pair contribution, with only a factor of 2 increase in the total background rate for the highest / E T one. For (mμ R , mχ 1 ) = (750 GeV, 700 GeV), we see a reduction in S/B in all signal regions, except for the highest / E T one, suggesting that the simplest incarnations of dynamic jet vetoes are not sufficient in their own right. This was noted previously in refs. [38, 39] .
Summary and Conclusion
In summary, we have investigated several measures of leptonic and hadronic activities in the process pp → γ * /Z * + X →μ + Rμ − R + X → µ + µ − + / E T + X, (16) and the associated SM background processes, to explore possible generalizations of dynamic jet vetoes. Using this information, we have demonstrated that a general class of dynamic jet vetoes can be used to improve the sensitivity of searches for right-handed smuon pair production at the LHC. The improvement becomes more significant as we probe mass scales further above the EW scales, and in some instances hold even when the final-state particles are soft. Most choices of measures for hadronic and leptonic activities perform better than the CMS-inspired benchmark analysis, which features a static jet veto threshold of p Veto T = 25 GeV (see fig. 5 ). Differences suggest that no single dynamic veto scheme will always be ideal but rather should be investigated on an analysis-by-analysis basis. Qualitatively, we find that dynamic jet vetoes using more inclusive measures of the hadronic activity, e.g., H T , perform best, while the ideal choice of leptonic activity depends on the signal kinematics (see sec. 5). The impact of enlarging the jet veto rapidity window and complementarity to other selection cuts were also addressed.
Due to the dynamic nature of these cuts, sensitivity can likely be considerably improved with machine learning techniques and such future investigations are encouraged. Our results should generalize to other searches for new, heavy, uncolored physics that employ jet vetoes at the LHC. We push for further investigations in this direction.
